In a solvent system of 10-2 M phosphate buffer (pH 6.8)-ethanol (2:1, v/v) and in an iodine-induced reaction, the polycyclic hydrocarbons [3H]3,4-benzpyrene and
[3H]3,4-BP/ [3H]9,10-dimethyl-1,2-benzanthracene (DMBA) can be covalently linked to deoxyribonucleic acid (DNA) at room temperature. By stepwise addition of the hydrocarbon and repeating the reaction two to three times after isolating the hydrocarbon DNA adduct, it was possible to introduce as many as one covalently bound hydrocarbon molecule per 100 nucleotide bases. When 3,4-BP and DMBA were linked in this way to biologically active transforming DNA of Bacillus subtilis, they caused (i) reduction of the transforming activity of the DNA accompanied by (ii) significant increases in the frequency of forward mutations. The majority of these hydrocarbon-induced mutations were not able to revert spontaneously. These samples of DNA covalently linked with hydrocarbons showed much lower levels of survival of biological activity when assayed in recipient strains (hcr-) which are known to be deficient in the enzymes required for repair of ultraviolet light-induced damage to DNA. 3,4-BP covalently linked to calf thymus DNA at a level of approximately one hydrocarbon molecule per 330 bases was shown to cause up to 80% inhibition of the in vitro transcription of the DNA by highly purified ribonucleic acid polymerase prepared from Micrococcus luteus under the experimental condition of template saturation. The presence of 3,4-BP and DMBA molecules covalently bound to B. subtilis DNA samples was also found to prevent complete denaturation of the bihelical structure of certain DNA molecules and thus appears to effect a cross-link in these DNA molecules.
Significant advances have recently been made on the understanding of polycyclic hydrocarbon carcinogenesis. For instance, the ability of various hydrocarbons to induce cellular transformation has been found to correlate with their carcinogenicities (6) . Also, the reactivities of these hydrocarbons in forming chemical linkages with macromolecules such as nucleic acids in cell culture and in mouse skin have been correlated to their carcinogenicities (2, 3, 8) . These findings lend credence to the postulate that chemical reaction of chemical carcinogens with macromolecular cellular constituents is an essential step in their carcinogenic action (7, 18, 19) . Since carcinogens, especially the polycyclic hydrocarbons, are not carcinogenic per se, but must be metabolically activated to an "ultimate" carcinogenic form. Unless this necessary activation can take place properly in the organism used for the mutagenicity test, possible mutagenic properties of the activated molecule can not be determined. Thus, only "ultimate reactive" forms of carcinogens which are able to penetrate cell barriers and reach the critical DNA target in the nucleus before being inactivated, can give meaningful results. For instance, Corbett et al. (5) reported that 9,10 -dimethyl -1,2 -benzanthracene (DMBA) and 3,4-benzpyrene (3,4-BP) administered at maximal concentrations did not prove toxic to bacteria and thus could not be assayed for mutagenic activity, whereas these compounds are highly toxic and reactive in cellular transformation when added to mammalian cell culture. Thus, they recognize that this may simply reflect the absence of an ultimately reactive form in the bacterial test system (7).
Our approach to the problem is to study the biological and biochemical effects of the covalent linkage of carcinogenic hydrocarbons to deoxyribonucleic acid (DNA) formed in an in vitro chemical system. The biological study is based on an in vitro transforming-DNA mutation system of Bacillus subtilis. Earlier studies (16, 17) on the interaction of a series of carcinogenic aromatic amines and amides with transforming-DNA assayed in this B. subtilis system showed conclusively that the reactive forms of these carcinogens bind covalently to the DNA, cause decreases in its transforming activity, and induce mutations. It seems important, therefore, to extend these studies to the second major class of carcinogens, namely, the polycyclic hydrocarbons, to determine whether their interaction with DNA could have similar biological consequences. The biochemical study is based on the DNA-dependent ribonucleic acid (RNA) polymerase system purified from Micrococcus luteus which has been studied extensively in our laboratory at Johns Hopkins- (25) (26) (27) (28) . Although study on DNA-dependent DNA polymerase systems may be more pertinent to the problems of mutation, such as in vitro DNA polymerase system definitely related to cellular DNA replication has not been firmly established. Therefore, it is hoped that the knowledge gained from the DNAdependent RNA polymerase system may be relevant to the enzymatic process of DNA replication.
Also, the Johns Hopkins laboratory has been actively engaged for some time in studies on the physical binding and chemical linkage of polycyclic hydrocarbons such as 3,4-BP and DMBA to nucleic acid (13-15, 22, 30, 32 (13) .
The above studies provide us with the foundation to investigate the following problems concerning the effect of covalent linkage of 3,4-BP or DMBA to transforming-DNA of B. subtilis: (i) the survival of the biological activity of such DNA necessary to carry out genetic transformation, (ii) the induction of forward mutation, (iii) the evidence for repair of damage by cellular enzymes; (iv) the possible production of interstrand cross-links in DNA. Finally, (v) the effect of covalently bound 3,4-BP on the transcription of thymus DNA by the M. luteus RNA polymerase has also been investigated.
MATERIALS AND METHODS
Bacterial strains. The DNA donor was B. subtilis strain SB 19 prototroph. The recipient strains were: T3 which has a deletion mutation in the tryptophan synthesis gene B and must be supplied with tryptophan since indole alone will not support growth; 168 induvr+, 168 ind-uvr-, and 168 ind-hcr-9 blocked in tryptophan synthesis and requiring indole. All of these strains were previously described (17, 20, 23) .
Media. The competence medium consisted of the minimal salts of Vogel and Bonner (31) supplemented with 0.5% glucose. The selective agar medium for recipient strains 168 (indole minus) consisted of the above salts supplemented with 2% agar, 0.5% glucose, and 0.1% Casamino Acids. For the selection of tryptophan-independent transformants of strain T3, the above agar was supplemented with a suboptimal amount of indole (1.2 Ag/ml) to permit the growth of transformants which may have acquired, along with a functional tryptophan synthetase 6 (14) .
Assay for loss of transforming activity. To determine the per cent survival of the transforming activity, control DNA or DNA with covalently bound hydrocarbon was added (final concentration, I ug/ml) to portions of competent T3 recipient cells. Such cells were prepared by the method of Opara-Kubinska et al. (21) , and the transformation to tryptophan independence was carried out as previously described (17) . Each experiment included a check on the sterility of the DNA preparation and of cells receiving no DNA. The presence of hydrocarbon on the DNA sample had no effect on viability of recipient cells. Since concentrations of DNA up to I Ag/ml have been shown to give a linear dose response in number of transformants produced, the per cent survival of the transforming activity was determined by comparing the number of transformant colonies produced by cells receiving treated DNA with those receiving completely nonreacted, nonprecipitated control DNA.
Assay for evidence of repair mechanisms. To determine the effect of cellular repair mechanisms on DNA with covalently bound hydrocarbon molecules, the survival level of the transforming activity was similarly assayed in strains (uvr-, reference 23; hcr-9, reference 20) known to lack an enzyme necessary for the repair of ultraviolet light-induced damage to DNA and compared with its survival in strains not missing such an enzyme (uvr+). Since these recipient strains were to be transformed to indole independence, indole was omitted from the agar medium.
Assay for mutagenicity. The ability of the hydrocarbons to induce forward mutations was determined by comparing the number of fluorescing mutant colonies per 104 tryptophan transformants produced by treated DNA with the number (10-4) arising spontaneously among transformants produced by control DNA (17) . The ratio of the frequency of such mutant colonies found for hydrocarbon-DNA compared to that of untreated DNA is expressed as the mutagenicity index.
Assay for reversion frequency. Individual fluorescing mutant colonies were isolated, grown up in the presence of indole, diluted, and plated to obtain individual cells that were allowed to divide approximately 109 times to produce a colony composed of 109 cells. The colony was resuspended in VB minimal salts and plated on selective agar lacking indole to determine whether a reversion event from 1-to I+ had occurred spontaneously in a total of 109 cell divisions. Cells able to form colonies in the absence of indole were checked under ultraviolet light for accumulation of fluorescing intermediates (11) . To obtain still greater numbers of cell divisions, individual colonies were resuspended in Assay for inhibition of RNA polymerase. Highly purified RNA polymerase was prepared from M. luteus as previously described (28) . [3H]3,4-BP was covalently linked to calf thymus DNA (Sigma Chemical Corp.) with the method described in this paper and by Hoffman et al. (13) . After a final ether wash, the 3,4-BP-DNA adduct was dissolved in 10-2 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.5). Iodinetreated DNA and control DNA were prepared as described and similarly dissolved in Tris. Treated and untreated DNA templates were compared for their ability to direct RNA synthesis in the presence of the highly purified RNA polymerase. Each reaction was started with the addition of 15 ug of enzyme protein after a 20-min preliminary incubation at 30 C of the reaction ingredients indicated in the legends for Fig. 3 and 4. Throughout the reaction, 0.1-ml portions were removed, washed, and counted as previously described (25) .
Analytical density gradient centrifugation. Samples of DNA which had been treated with 3,4-BP or DMBA were subjected to analytical density gradient centrifugation in neutral CsCl at 44,770 rev/min for 22 hr at 25 C before and after denaturation. Centrifugation was performed in a Spinco model E ultracentrifuge equipped with a photoelectric scanner using a 12- (29) Purely physical damage to DNA incurred during the repeated precipitations employed can, itself, result in a loss of the transforming activity of the DNA (Tables I and 2 ). Thus, in Table 2 Mutagenicity of the hydrocarbons. The presence of the hydrocarbons 3,4-BP and DMBA covalently bound to DNA results in an increase in the frequency of forward mutations ( Fig. 1 ; Tables I and 2 ). This increase in mutations is directly correlated with the loss of transforming activity of the treated DNA and has been plotted against damage to DNA by the method of Freese and Freese (10) . The control DNA samples which were not exposed to hydrocarbon or iodine showed no increase in mutation frequency. Samples of unprecipitated control DNA which had tritiated hydrocarbons physically added under nonreactive conditions (no iodine) exhibited a 100% survival of transforming activity and no increase of mutations. Iodine alone with no hydrocarbon added ( T4 phage system for mutagenic activity because, even at concentrations as high as 1,000 ug/ml, these compounds proved to be nontoxic to Escherichia coli BB. They concluded that this was most probably because the hydrocarbons could not be enzymatically activated by the bacteria to chemically reactive forms which could bind covalently to cellular constituents. In our system, the activation is effected through iodine, and the chemically bound hydrocarbon can be shown to be mutagenic. When the mutagenicity index of these hydrocarbons plotted against loss of biological activity of DNA, as in Fig. 1 , is compared with the mutagenic power of several series of aromatic amide carcinogenic compounds, such as 2-acetylaminofluorene, which have similarly been shown to require enzymatic activation to ultimately reactive forms (16, 17, 19) , the presence of these hydrocarbons does not destruct the transforming activity of the DNA as much but induces as great an increase in mutation frequency per inactivating event as do the ultimately reactive forms of the aromatic amides.
Characterizing Eight out of nine (89%) of the mutants found among transformants produced by untreated control DNA were revertible (see Table 3 ). These are spontaneous mutants and would, therefore, be expected to consist of single basepair changes. Similarly, 89% of the iodine-induced mutants proved revertible. Only 16.6% (3 out of 18) of the mutants induced by 3,4-BP linkage, and 33% [ (5 of 15 (3 leaky)] of the mutants induced by DMBA linkage were found to revert (Table 3) . Part of this reversion could be due to the iodine-induced mutation included in the scoring for the hydrocarbon-induced mutation. Therefore, the lack of automatic reversion of the majority of the mutations caused by the presence of covalently bound polycyclic hydrocarbons suggests that these mutations may not be caused by simple base-pair changes. Genetic mapping experiments with transforming DNA from such mutants are being undertaken to determine whether gene deletions can be detected.
Evidence for enzymatic repair of hydrocarboninduced lesions on DNA. When the 3,4-BP or DMBA-treated DNA samples are assayed for survival of transforming activity in 168 indstrains of B. subtilis, they exhibit much lower survival levels in the uvr-or hcr-9 strains which have been characterized as deficient in an enzyme required for repair of ultraviolet light-induced lesions in DNA than in the uvr+ strain (Table 2 ; reference 17). In previous studies, we showed the inactivation curve for aromatic amide carcinogen-treated DNA was twice as steep for uvr-or her-strains as it was for uvr+ strains. The present difference in survival observed with 3,4-BP and DMBA are of the same order of magnitude as we reported for N-acetoxy-2-acetylaminofluorene, and our results with all three carcinogens closely resemble those reported by Reiter and Strauss (23) and Okubo and Romig (20) for ultraviolet light-damaged DNA assayed in this very same system. Thus, it appears that at least 50% of the lesions are recognized and repaired by the 168 uvr+ strain in a manner similar to the repair of ultraviolet lightinduced damage. Further evidence that carcinogen-induced damage is being recognized specifically comes from the fact that when samples of control DNA which exhibit decreased transforming activity caused by damage incurred during precipitation, e.g., control DNA samples 0*l '-04 (rows 2 to 6, Table 2 ) or iodine-treated control DNA (row 7), such purely physical damage is not distinguished by the two strains. There is no evidence of any lower survival of these control samples of DNA in the repair minus strains. This indicates that it is the presence of the hydrocarbon covalently linked to the DNA or hydrocarbon-induced damage that is specifically being recognized by the uvr+ strain which possesses the repair enzymes that are lacking in the uvr-. Further studies of incorporation of the doubly labeled DNA-hydrocarbon complex by the two strains are underway. These results lend support to an early proposal that bacterial cells possess an error-correcting mechanism for a variety of DNA lesions (12) .
Cross-linking of complementary DNA strands. Since interstrand cross-linking of B. subtilis 3A8, 16Y3% 33 A3%
a Symbols: +, revertants were found; 0, no revertants were detected out of -10 cell divisions.
b These mutants accumulate the fluorescent intermediates although they are able to grow in the absence of indole. Such mutants we called "leaky" and would not be expected to result from a deletion of genetic material.
DNA was detected upon reaction with N-acetoxyacetylaminofluorene, as assayed by the CsCl density gradient centrifugation after denaturation (17) (Fig. 2) . All CsCl density gradient sedimentation patterns obtained after heat or alkaline denaturation of 3,4-BP or DMBAtreated DNA samples exhibited a bimodal distribution (Fig. 2, trace d) ; the band at lighter density is DNA that has renatured, after removal of denaturing conditions because of a hydrocarboninduced cross-link. The bands in the sedimentation pattern are, however, rather broad, presum- (Fig. 3) . Although the expected kinetics (9) and to the repeated precipitations and washings also showed approximately 33% inhibition, as did the iodine-treated control sample. As discussed above, the biological evidence for the successive loss of transforming activity as correlated with the number of times such control DNA was precipitated indicates that this inhibition of RNA transcription may be attributed to physical breakage resulting from seven precipitation and redissolution steps of the chemical reaction.
Exposure to iodine does not cause additional inhibition of the template activity. Although the data shown in Fig. 3 for iodine-treated DNA were obtained after only one exposure of calf thymus DNA to iodine, essentially identical results were obtained after two or three exposures to iodine. Relative to these control DNA samples, then, the linkage of 3,4-BP to DNA consistently inhibits transcription of that DNA template by about 60 to 65%. Since only one 3,4-BP residue is bound per 330 nucleotides in this thymus DNA sample, this carcinogen appears to be a potent inhibitor of RNA polymerase activity when it is covalently linked to DNA. In fact, this level of inhibition resembles that obtained with E. coli RNA polymerase when calf thymus DNA has been previously reacted with nitrogen mustard (24) .
When untreated DNA, iodine-treated DNA, and 3,4-BP-DNA are compared for ability to direct linear poly A synthesis with adenosine triphosphate as substrate, no significant differences are evident (Fig. 4) Recent studies from our laboratory on polynucleotide model systems indicate that 3,4-BP has an especially high affinity for guanine residues in the chemical reaction induced by iodine (13) .
This linkage between the hydrocarbon and the guanine base is apparently such as to prevent or retard further movement of the enzyme beyond this point. The cross-linking effect of these hydrocarbons on DNA which has been found could be expected to add to this interference with transcription. One urgent question concerns the chemical nature of the cross-links caused by the reaction of DNA with hydrocarbons. It is also important to know the possible differences in the biological effects (both in terms of survival and mutation) of the hydrocarbon residues which are linked to one strand of the DNA from the hydrocarbon residues which cause interstrand cross-links in DNA. Is the repair system the same for both monolinked hydrocarbon residues and the crosslinked hydrocarbon residues? Another urgent question concerns the relationship between the repair process and the mutation process. The influence of the repair process on the mutation process can be either suppressive or augmentative, and the answer to this question will be of great biological interest. Finally, this study also indicates the possible relationship between the repair system for damage induced by ultraviolet light and the repair system for lesion caused by hydrocarbon linkage to DNA. Since the former repair system has been investigated extensively at the enzyme level, it will be important to know whether the ultraviolet-repair enzyme system can repair the damage caused by hydrocarbon linkage to DNA in vitro.
